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Glucosamine-6-phosphate synthase (GlmS) catalyzes
the formation of glucosamine 6-phosphate from fructose
6-phosphate using glutamine as the ammonia source.
Because N-acetylglucosamine is an essential building
block of both bacterial cell walls and fungal cell wall
chitin, the enzyme is a potential target for antibacterial
and antifungal agents.N-Iodoacetylglucosamine 6-phos-
phate is an active site-directed irreversible inactivator
of GlmS from Escherichia coli (kinact/KI 5 17 (63) M
21
s21). Both fructose 6-phosphate and glutamine protect
the enzyme from inactivation, indicating that this rea-
gent is directed at both the sugar binding site and the
glutamine binding site. Protection studies with fructose
6-phosphate demonstrate that the value of the dissocia-
tion constant for fructose 6-phosphate is 3.3 (60.5) 3
1027 M, approximately 3 orders of magnitude less than
the Kia value for this substrate determined from initial
velocity experiments (Badet, B., Vermoote, P., and Le
Goffic, F. (1988) Biochemistry 27, 2282–2287).
Glucosamine-6-phosphate synthase (L-glutamine:D-fructose-
6-phosphate aminotransferase; GlmS1; (EC 2.6.1.16)) catalyzes
the first step in hexosamine metabolism, converting fructose
6-phosphate (Fru-6-P) into glucosamine 6-phosphate using glu-
tamine as the ammonia source (Scheme 1) (1, 2). Glucosamine
6-phosphate is a precursor of uridine diphospho-N-acetylglu-
cosamine from which other amino sugar-containing molecules
are derived. One of these products, N-acetylglucosamine, is an
important constituent of the peptidoglycan layer of bacterial
cell walls and fungal cell wall chitin. Accordingly, GlmS offers
a potential target for antibacterial and antifungal agents (2, 3).
Glucosamine-6-phosphate synthase catalyzes two coupled
enzymatic reactions. The first is the hydrolysis of glutamine to
yield glutamate and nascent ammonia, which is transferred to
fructose 6-phosphate. The second reaction is the isomerization
of Fru-6-P from a ketose to an aldose, corresponding to a Heyns
rearrangement (4, 5). Most of the known inhibitors and irre-
versible inactivators of GlmS are analogues of glutamine (6–
12). These analogues are believed to inactivate the enzyme by
irreversibly reacting with an active site thiol residue. Inactiva-
tion studies using iodoacetamide (13), the glutamine analogue
6-diazo-5-oxonorleucine (1, 13), and N3-(4-methoxyfumaroyl)-
L-2,3-diaminopropanoate (8, 12) have implicated the thiol func-
tion of the N-terminal cysteine residue in the formation of a
g-glutamyl thioester intermediate during glutamine hydroly-
sis. Conversion of the N-terminal cysteine to alanine by site-
directed mutagenesis results in total loss of enzymatic activity
(2).
The glutamine and fructose 6-phosphate binding sites prob-
ably lie in close proximity to each other in order to facilitate the
transfer of ammonia to the fructose 6-phosphate. Therefore, an
inactivator that contains both a carbohydrate moiety resem-
bling either the substrate or product and a suitably positioned
electrophilic function would be expected to bind at the fructose
6-phosphate binding site, presenting the electrophilic substit-
uent to the adjacent glutamine binding site where it could react
with the thiol function. This report describes the active site-
directed inactivation of Escherichia coli GlmS by N-iodoacetyl-
glucosamine 6-phosphate (GlcNIAc-6-P). This appears to be the
first report of an irreversible inactivator for glucosamine-6-
phosphate synthase which incorporates the carbohydrate
structure into its design.
MATERIALS AND METHODS
Q-Sepharose Fast Flow and Phenyl-Sepharose CL-4B chromatogra-
phy gels were purchased from Pharmacia Biotech Inc. Ultrogel AcA 34
was purchased from Sepracor.
2-Amino-2-deoxy-D-glucitol 6-phosphate (GlcN-ol-6-P)—GlcN-ol-6-P
was synthesized by reduction of glucosamine 6-phosphate with sodium
borohydride and purified by ion-exchange chromatography following
procedures outlined by Midelfort and Rose (14) and Altamirano et al.
(15). Glucosamine 6-phosphate (0.25 g) was dissolved in 10 ml of water
and cooled on ice for 10 min. Sodium borohydride (0.75 g) was added to
the glucosamine 6-phosphate solution by small portions over 20 min.
During NaBH4 addition, the solution was stirred vigorously and held on
ice. After addition was complete, the solution was stirred for 1 h at room
temperature. Reduction was complete as indicated by the solution’s
inability to reduce Fehling’s reagent. Undissolved NaBH4 was removed
by filtration, and the filtrate was cooled on ice. The remaining NaBH4
was destroyed by dropwise addition of 6 M HCl over 30 min until the
final pH was approximately 2. The solution was allowed to come to room
temperature and stirred for 1 h. The reaction mixture was filtered, and
the pH of the filtrate was adjusted to 7.0 (pH meter) by the addition of
1 M NaOH. The solution (10 ml) was applied to a Dowex 50-H1 column
(2.6 3 15 cm) and eluted with water followed by 0.25 M HCl. Fractions
containing product were eluted with the 0.25 M HCl and were identified
by thin-layer chromatography on cellulose (99% EtOH, n-BuOH, 0.15 M
sodium citrate buffer, pH 4.0; 10:1:6 (v/v/v)) developed with an iron-
sulfosalicylic acid spray reagent (16) sensitive to phosphates. Fractions
containing GlcN-ol-6-P were pooled and lyophilized. The product was
then redissolved in water, the pH was adjusted to 7.0 with 1 M NaOH,
and the solution was relyophilized. A fine white powder (0.184 g, 60%
yield) was obtained. NMR spectra (1H and 31P) were consistent with the
expected structure. Elemental analysis was as follows.
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C6H15O8NCIP Na2 z 3 H2O (395.65)
Calculated: C 18.21% H 5.36% N 3.54% P 7.83%
Found: C 18.37% H 5.31% N 3.55% P 7.71%
GlcNIAc-6-P—Glucosamine 6-phosphate, sodium salt (100 mg), was
dissolved in 1 ml of water. An equal volume of methanol was added, and
the solution was cooled on ice for 10 min. Triethylamine (50 ml) was
then added, and the pH was adjusted to 7.0. Iodoacetic anhydride (250
mg) was added to the solution, and the reaction mixture was stirred for
90 min at room temperature. After 20 min, the pH was readjusted to
7.0–8.0 with 6 M NaOH, and an additional 250 mg of iodoacetic anhy-
dride were added. The pH was maintained at neutrality by the addition
of 6 M NaOH. The solution was chromatographed on a Dowex 50-H1
column eluted with water. Fractions were analyzed by thin-layer chro-
matography on cellulose (99% EtOH, n-BuOH, 0.15 M sodium citrate
buffer, pH 4.0; 10:1:6 (v/v/v)), and phosphates were detected using an
iron-sulfosalicylic acid spray reagent (16). Positive fractions were
pooled and lyophilized. The residue was dissolved in 1 ml of water, and
a saturated solution of Ba(OH)2 was added dropwise until the pH of the
solution was between 7.0 and 7.5. The volume of the solution was
reduced by rotary evaporation, 10 volumes of absolute ethanol were
added, and the solution was stored at 220 °C overnight. The resulting
white precipitate was collected by centrifugation, washed with cold
absolute ethanol, and converted to the sodium salt by treatment with
Dowex 50-Na1. A fine white powder (0.157 g, 94% yield) was obtained
by lyophilization. NMR spectra (1H, 13C, and 31P) were consistent with
the expected structure. Elemental analysis was as follows.
C6H13O9NPI Na2 (471.07)
Calculated: C 20.40% H 2.79% N 2.97% P 6.57%
Found: C 18.08% H 3.26% N 2.43% P 6.54%
Enzyme Purification—E. coli 3000 Hfr (ATCC 25257) was grown in
9-liter batches to late exponential phase in CGPY medium (17) in a
fermentor (MF-114, New Brunswick Scientific Co., Inc.) at 37 °C from a
1% culture inoculum. The cells were collected using a Sorvall RC-3B
centrifuge, washed with 100 mM potassium phosphate and 2 mM EDTA
buffer, pH 7.5, frozen, and stored at 220 °C until use. A 9-liter culture
yielded approximately 75 g of cells (wet weight). A crude extract was
prepared by disruption with 2 weights of alumina/cell weight. Glucosa-
mine-6-phosphate synthase was purified from the crude extract essen-
tially as described by Badet et al. (13) and Dutka-Malen et al. (18),
except that the organomercurial agarose chromatography and fast pro-
tein liquid chromatography steps were omitted. Protein concentrations
were determined using the method of Bradford (19). The final purified
enzyme preparation had a protein concentration of 3.2 mg/ml and a
specific activity of 0.25 unit/mg of protein. (This specific activity is
similar to the value of 0.3 unit/mg reported by Chmara et al. (7) for
partially purified enzyme; pure GlmS has a specific activity of approx-
imately 7 units/mg of protein (13).) One unit was defined as the amount
of enzyme that catalyzed the formation of 1 mmol of glucosamine 6-phos-
phate/min at saturating substrate concentrations.
Enzyme Assay—Glucosamine 6-phosphate was determined using a
modified Morgan-Elson procedure as described by Gosh and Roseman
(20). Enzyme (10 ml) was added to a solution (1.2 ml) containing fructose
6-phosphate (10 mM), glutamine (15 mM), EDTA (1 mM), and potassium
phosphate buffer (0.1 M, pH 7.5), and the mixture was incubated for
30–60 min at 37 °C. The reaction was then terminated by boiling at
100 °C for 4 min. Any protein precipitate was removed by centrifuga-
tion, and 0.5 ml of the supernatant was analyzed for glucosamine
6-phosphate (21, 22). Each determination was compared with a stand-
ard curve prepared using authentic glucosamine 6-phosphate. The color
yields were found to be linear over the concentration range from 0.01 to
1.0 mM. The validity of the fixed-time assay was established by dem-
onstrating that glucosamine 6-phosphate production varied linearly
with time over 60 min at all substrate concentrations. In addition, the
color yield was found to vary linearly with increasing enzyme concen-
trations over the range from 10 to 100 ml of the purified preparation.
Inhibition Studies—Assays were performed in potassium phosphate
buffer (0.1 M, pH 7.5, containing 1 mM EDTA). Reagents present in
assays for inhibition by GlcN-ol-6-P included GlmS (6.7 3 1023 unit/ml);
Gln (15 mM); Fru-6-P (0.5–10.0 mM); and GlcN-ol-6-P (0–0.173 mM).
Kinetic data were analyzed by nonlinear regression analysis of Michae-
lis-Menten plots using the program Enzymekinetics (39). The inhibition
constant for GlcN-ol-6-P was determined in triplicate, and the average
value is reported. The reported error is the standard deviation.
Inactivation Studies—For inactivation studies with N-iodoacetylglu-
cosamine 6-phosphate, the enzyme was dialyzed for 24 h against potas-
sium phosphate buffer (0.1 M, pH 7.5, containing 1 mM EDTA) to remove
2,4-dithiothreitol. Reaction was initiated by addition of 20 ml of N-
iodoacetylglucosamine 6-phosphate solution (0.125–2.0 mM in buffer) to
80 ml of enzyme solution (0.6 unit/ml) in potassium phosphate buffer
(0.1 mM EDTA, pH 7.5). Reaction mixtures were incubated at room
temperature (25 °C), and 20-ml aliquots were withdrawn at various
time points, diluted 60-fold into standard assay buffer containing 5 mM
2-mercaptoethanol, and assayed for activity. Inactivation followed first-
order kinetics, and the apparent first-order rate constants for inactiva-
tion were calculated from plots of activity remaining as a logarithmic
function of the time of incubation.
For protection studies, either fructose 6-phosphate (0–1.0 mM),
2-amino-2-deoxy-glucitol 6-phosphate (0–0.22 mM), or glutamine (0–40
mM) was incubated with the enzyme for 5 min prior to addition of the
N-iodoacetylglucosamine 6-phosphate.
Determination of the Intrinsic Reactivity of GlcNIAc-6-P Toward
Thiol Groups—GlcNIAc-6-P (0.5–3.0 mM) and glutathione (2.0–2.5 mM)
were incubated at 25 °C in potassium phosphate buffer (0.1 M, pH 7.5,
containing 1 mM EDTA). At approximately 3-min intervals, the concen-
tration of unreacted glutathione was determined by reaction with 5,59-
dithiobis(2-nitrobenzoic acid). An aliquot (50 ml) of the reaction mixture
was added to 950 ml of potassium phosphate buffer (0.2 M, pH 7.0,
containing EDTA (20 mM) and 5,59-dithiobis(2-nitrobenzoic acid) (1
mM)). The residual glutathione concentration was calculated from the
observed increase in absorbance at 412 nm of the thionitrophenolate ion
(e 5 13,600 M21 cm21 (23)). The second-order rate constant (k) was
obtained by fitting the data to Equation 1.
ln@~Bo 2 x!/~Ao 2 x!# 5 ln~Bo/Ao! 1 ~Bo 2 Ao!kt (Eq. 1)
where Ao and Bo are the initial concentrations of the two reactants
(GSH and GlcNIAc-6-P), and x is the concentration of A and B, which
has reacted at time t (24). The average value of five rate constant
determinations is reported. On the assumption that the reactive species
is the unprotonated thiol, the pH-independent second-order rate con-
stant was calculated using Equation 2.
ki 5 k ~1 1 10pKa2pH! (Eq. 2)
RESULTS
Inhibition by 2-Amino-2-deoxy-D-glucitol 6-phosphate—Inhi-
bition of glucosamine-6-phosphate synthase activity by GlcN-
ol-6-P is competitive with respect to the substrate fructose
6-phosphate. The value of the dissociation constant (Ki) is 19.3
(60.06) mM.2
2 This value is similar to the value of the inhibitor dissociation con-
stant (Ki 5 25 mM) determined independently by Badet-Denisot et al.
(25).
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Inactivation of GlmS Activity by N-Iodoacetylglucosamine
6-phosphate—Treatment of glucosamine-6-phosphate synthase
from E. coli with N-iodoacetylglucosamine 6-phosphate pro-
duced time-dependent loss of enzyme activity, which followed
first-order kinetics up to at least 90% of the reaction (Fig. 1).
Complete loss of enzyme activity was observed. The inactiva-
tion was irreversible with no activity being recovered when
GlmS treated with GlcNIAc-6-P was dialyzed against 0.1 M
potassium phosphate buffer (pH 7.5, containing 1 mM EDTA)
for 12 h.
Inactivation of GlmS by GlcNIAc-6-P shows saturation ki-
netics (Fig. 2A), suggesting initial reversible formation of an
enzyme-inactivator complex as shown in Scheme 2. The forma-
tion of the reversible complex, according to the treatment of
Kitz and Wilson (26), is in rapid equilibrium compared with the
rate of formation of the irreversibly inactivated enzyme. The
kinetic mechanism is described by Equation 3.
kapp 5 kinact@GlcNIAc-6-P#/~KI 1 @GlcNIAc-6-P#! (Eq. 3)
The values of kinact and KI are 3.7 (60.3) 3 10
23 s21 and 2.2
(60.3) 3 1024 M respectively. The value of the apparent second-
order rate constant (kinact/KI) for inactivation is 17 (63)
M21 s21.
Intrinsic Reactivity of GlcNIAc-6-P—The second-order rate
constant for the reaction of GlcNIAc-6-P with GSH is 0.31
(60.02) M21 s21 at pH 7.5, 25 °C. On the assumption that the
unprotonated form of the glutathione thiol function is the re-
active species (pKa 5 8.66 (27)), Equation 2 yields a value of 4.8
(60.3) M21 s21 for the pH-independent rate constant for reac-
tion with GlcNIAc-6-P.
Effect of Added Ligands on the Rate of Inactivation of GlmS
by GlcNIAc-6-P—Fructose 6-phosphate, glutamine, and the
competitive inhibitor GlcN-ol-6-P protect GlmS from inactiva-
tion by GlcNIAc-6-P. Under the assay conditions, complete
protection was afforded by concentrations of Fru-6-P and glu-
tamine greater than 0.15 and 0.4 mM, respectively. This indi-
cates that GlcNIAc-6-P is bound at both the Fru-6-P and glu-
tamine binding sites. Figs. 3 and 4 show plots of the half-time
for inactivation as a function of Fru-6-P and GlcN-ol-6-P con-
centrations, respectively. These plots were interpreted quanti-
tatively using a kinetic mechanism which combines the revers-
ible binding of GlcNIAc-6-P by the enzyme, prior to
inactivation, in competition with the reversible binding of the
protecting agent, P by the enzyme (Scheme 3) (28, 29).
The value of the dissociation constant (KP) for Fru-6-P from
the site that it protects is 0.33 (60.05) mM (Fig. 3). This value is
much less than the Kia value of 0.5 mM determined from initial
velocity experiments (8).
GlcN-ol-6-P is a competitive inhibitor of GlmS with respect to
Fru-6-P. The value of the dissociation constant for GlcN-ol-6-P
from the site at which it protects is 34 (67) mM (Fig. 4).
Fig. 5 shows a plot of the half-times for GlmS inactivation in
the presence of various concentrations of glutamine. Protection
from inactivation is more pronounced at higher concentrations
of glutamine. The observed variation of half-time for inactiva-
tion with glutamine concentration can be described by a kinetic
mechanism in which two molecules of glutamine are bound by
the enzyme (Scheme 4).
DISCUSSION
Much attention has been focused on utilizing glutamine an-
alogues to inhibit glucosamine-6-phosphate synthase activity
in the hope of developing antibacterial and antifungal agents.
Typically, these analogues possess an electrophilic function at
the g-position of glutamate, which is believed to react irrevers-
ibly with the N-terminal cysteine residue located in the gluta-
mine binding site. The most effective inactivators have been
N3-fumaroyl-L-2,3-diaminopropanoate derivatives (7, 8, 12, 30)
and 2-amino-3-((N-halomethyl)amino)propanoate derivatives
(9, 10). Although the enzyme is believed to follow an ordered Bi
Bi kinetic mechanism (8), glutamine-like inactivators bind and
inactivate GlmS effectively even in the absence of the first
substrate fructose 6-phosphate (7, 8).
Incorporation of a chemically reactive haloacetyl function
into a structure that mimics a natural substrate of a carbohy-
drate-metabolizing enzyme offers a means of designing active
site-directed inactivators. For example, both N-bromoacetyl-
FIG. 1. Time-dependent inactivation of glucosamine-6-phos-
phate synthase by N-iodoacetylglucosamine 6-phosphate. Reac-
tion conditions are as described under “Materials and Methods.” The
concentrations of N-iodoacetylglucosamine 6-phosphate are 0 mM (l),
0.10 mM (å), 0.20 mM (f), 0.3 mM (E), and 0.4 mM (Ç).
FIG. 2. A, dependence of the apparent first-order rate constant (kapp)
for inactivation of GlmS on GlcNIAc-6-P concentration at 25 °C (0.1 M
potassium phosphate buffer, pH 7.5, 1 mM EDTA). The rates of inacti-
vation at different GlcNIAc-6-P concentrations (0.025–0.4 mM) were
calculated from linear least-squares fits of plots of ln (% activity) versus
time (data not shown). Nonlinear regression analysis was used to fit the
data to the equation kapp 5 kinact [GlcNIAc-6-P]/(KI 1 [GlcNIAc-6-P]).
The values of KI and kinact are 0.22 (60.03) mM and 0.22 (60.02) min
21,
respectively. B, double-reciprocal plot.
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glucosamine and N-bromoacetylgalactosamine are inactivators
of hexokinase (31, 32), and N-bromoacetylgalactosylamine is
an inactivator of some b-glycosidases (33). Based on this design
strategy, N-iodoacetylglucosamine 6-phosphate was synthe-
sized as a potential inactivator of glucosamine-6-phosphate
synthase. The glucosamine 6-phosphate moiety of this com-
pound was expected to bind to the fructose 6-phosphate binding
domain of the enzyme. Once bound, the iodoacetyl function was
expected to react with the thiol in the adjacent glutamine
binding site. Inactivation studies by Auvin et al. (9) using
(S)-2-amino-3-((N-haloacetyl)amino)propanoic acid derivatives
FIG. 3. A, fructose 6-phosphate protection of GlmS from inactivation by GlcNIAc-6-P. The apparent first-order rate constants for inactivation at
various concentrations of Fru-6-P (0–1.0 mM) were calculated from linear least-squares fits for plots of ln (% activity) versus time (data not shown)
using four different concentrations of GlcNIAc-6-P (0.056 mM (f); 0.100 mM (l); 0.221 mM (å); and 0.335 mM (E)). For each GlcNIAc-6-P
concentration, a least-squares line was fit using the equation t1⁄2 5 [TminKI/([GlcNIAc-6-P] KP)] [Fru-6-P] 1 Tmin (1 1 KI/[GlcNIAc-6-P]) based on
the model shown in Scheme 3. B, replot of the intercept/slope values from A as a function of GlcNIAc-6-P concentration. The intercept on the
ordinate gives a value for KP (the dissociation constant for Fru-6-P at the site which it protects) of 0.33 (60.05) mM.
FIG. 4. 2-Amino-2-deoxy-D-glucitol 6-phosphate protection of
GlmS from inactivation by GlcNIAc-6-P. The apparent first-order
rate constant for inactivation at various concentrations of the compet-
itive inhibitor GlcN-ol-6-P (0–0.22 mM) were calculated from linear
least-squares fits of ln (% activity) versus time (data not shown) for two
different concentrations of GlcNIAc-6-P (0.10 mM (å) and 0.24 mM (l)).
The data were analyzed as described in Fig. 3, and the value of KP (the
dissociation constant for GlcN-ol-6-P at the site which it protects) is 34
(67) mM.
SCHEME 3.
FIG. 5. Glutamine protection of GlmS from inactivation by
GlcNIAc-6-P. The apparent first-order rate constant for inactivation at
various concentrations of glutamine (0–10 mM) were calculated from
linear least-squares fits for plots of ln (% activity) versus time with the
concentration of GlcNIAc-6-P equal to 0.10 mM (data not shown). The
curve is the nonlinear regression analysis of the data fit to the equation
t1⁄2 5 Tmin [1 1 ((KI/[GlcNIAc-6-P])(1 1 ([Gln]/KP) 1 ([Gln]
2/KP K9Pi)))].
The approximate values for Tmin, KP, and K9P are 4.7 min, 5 mM, and 4
mM, respectively.
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have indicated that the glutamine binding site can easily tol-
erate the bulky iodo substituent.
In accord with these expectations, N-iodoacetylglucosamine
6-phosphate inactivates glucosamine-6-phosphate synthase
from E. coli irreversibly. The value of the apparent second-
order rate constant for inactivation is 17 (63) M21 s21, 10-fold
greater than the value reported for inactivation by iodoacet-
amide (13). Glutamine, fructose 6-phosphate, and the compet-
itive inhibitor 2-amino-2-deoxy-glucitol 6-phosphate protect
the enzyme from inactivation, indicating that the inactivator is
active site-directed. Since glutamine protects GlmS from inac-
tivation by GlcNIAc-6-P (Fig. 5), it is likely that GlcNIAc-6-P
interacts with the glutamine binding site on the enzyme. Inac-
tivation probably occurs by modification of the thiol function
located in the glutamine binding site.
The intrinsic reactivity of GlcNIAc-6-P with a thiol function
was determined by measuring the second-order rate constant
for reaction of GlcNIAc-6-P with GSH. The pH-independent
second-order rate constant for this reaction is 4.8 (60.3) M21
s21, similar to the value of 3.8 M21 s21 reported for reaction of
iodoacetate with GSH (34). Comparison of the apparent second-
order rate constant for inactivation of GlmS by GlcNIAc-6-P
with the intrinsic bimolecular rate constant indicates that the
enzyme only facilitates the reaction 4-fold. This low level of rate
enhancement may arise from self-protection or unfavorable
electronic or steric effects (28).
The inactivation of GlmS showed saturation kinetics, sug-
gesting initial reversible formation of an enzyme-inactivator
complex. The value of the dissociation constant for this complex
(KI) is 0.22 mM. Although GlcNIAc-6-P combines structural
features of the product glucosamine 6-phosphate and the sub-
strate glutamine, and therefore might be regarded as an ap-
proximate bisubstrate analogue, it is not bound more tightly by
the enzyme as is usually observed with bisubstrate analogues
(for a review, see Ref. 35). The observed binding affinity indi-
cates that the inactivator more closely approaches the struc-
ture of the product than it does a true bisubstrate analogue.3
Fructose 6-phosphate provides strikingly potent protection
against inactivation of GlmS by GlcNIAc-6-P.4 The protection
is competitive with respect to GlcNIAc-6-P, and the value of the
dissociation constant for Fru-6-P (KP) is 3.3 (60.5) 3 10
27 M.
The kinetic patterns obtained from product and dead-end inhi-
bition experiments indicate that glucosamine-6-phosphate syn-
thase follows an ordered Bi Bi kinetic mechanism with Fru-6-P
binding prior to glutamine (8). The values of the Michaelis
constant (Kma) and the dissociation constant (Kia) of the
GlmSzFru-6-P complex, determined by Badet et al. (8) from
initial velocity measurements in the presence of both sub-
strates, are 0.59 and 0.54 mM, respectively.
Although a Kia value may be less than, greater than, or equal
to the value of the corresponding Michaelis constant (37, 38), it
is surprising that the dissociation constant determined from
the competitive protection experiments (KP) is 3 orders of mag-
nitude less than the Kia value determined from initial velocity
data. The origin of this difference is not clear. One possibility is
that KP reflects the affinity of Fru-6-P for a site other than the
active site. However, the competitive inhibitor GlcN-ol-6-P also
protects the enzyme from inactivation. The value of the binding
constant for this inhibitor, determined from competitive pro-
tection experiments (KP 5 34 (67) mM), is in good agreement
with the value determined from steady-state inhibition exper-
iments (Ki 5 19.3 (60.6) mM). This observation supports the
view that GlcNIAc-6-P is active site-directed and that the com-
petitive protection experiment yields a reliable measure of a
ligand’s binding constant.
Alternatively, the enzyme’s affinity for Fru-6-P may be de-
creased in the presence of glutamine, so that the value of the
dissociation constant for Fru-6-P determined from the compet-
itive protection experiments is less than the value determined
from initial velocity studies (conducted in the presence of glu-
tamine). This would imply that free enzyme is capable of bind-
ing gluamine. Although, GlmS is believed to follow an ordered
Bi Bi kinetic mechanism with Fru-6-P binding first followed by
glutamine (8), the ability of the free enzyme to bind glutamine
is indicated by the enzyme’s intrinsic glutaminase activity (2)
and the binding of glutamine-like inactivators in the absence of
Fru-6-P (7, 8, 13). Once bound, glutamine might alter the
enzyme’s affinity for fructose 6-phosphate just as glutamine is
able to alter the enzyme’s affinity for a second molecule of
glutamine (as implied by the weak negative cooperativity be-
havior observed for the binding of glutamine (8) and the half-
of-the-sites reactivity exhibited by 6-diazo-5-oxonorleucine in
the absence of Fru-6-P (8, 13)).
Several observations support the possibility of two alternate
binding sites for glutamine. First, the protection afforded by
glutamine against inactivation by GlcNIAc-6-P in the present
study is more pronounced at higher glutamine concentrations,
as indicated by the parabolic curve shown in Fig. 5. Although
several different kinetic mechanisms might account for this
behavior, the simplest explanation is that the homodimeric
enzyme (13) binds two molecules of glutamine (protecting
agent P in Scheme 4). Second, in the absence of Fru-6-P, inac-
tivation of GlmS by the glutamine analogue N3-(4-methoxyfu-
maroyl)-L-2,3-diaminopropanoic acid is biphasic (8). Thus
GlmS may bind a molecule of glutamine at either an allosteric
site or one of the two active sites present on the homodimeric
enzyme, lowering the affinity for Fru-6-P. If this molecule of
glutamine is not a substrate, then the enzyme could still obey
an ordered Bi Bi kinetic mechanism. This possibility is being
explored in more detail.
The present report demonstrates that N-iodoacetylglu-
cosamine 6-phosphate is a site-directed inactivator of glucosa-
mine-6-phosphate synthase. By incorporating the structure of
the carbohydrate into the design of the inactivator, it is possi-
ble to direct an inactivator at both the fructose 6-phosphate and
glutamine binding domains. This strategy may be useful for
developing other inhibitors. By altering either the nature of the
carbohydrate or the electrophilic function, the specificity for
glucosamine-6-phosphate synthase might be enhanced. This
class of inactivator may also serve as a tool for investigating
possible interactions between the glutamine and fructose
6-phosphate binding sites of the enzyme.
3 It is of interest to note that GlmS was shown not to bind bisubstrate
analogues that consisted of glutamine coupled by various spacers to
2-amino-2-deoxy-glucitol 6-phosphate (25). It should also be noted that
KI is defined as k21/k1 (Scheme 2), assuming that the the initial equi-
librium is rapid relative to the rate of formation of the irreversibly
inactivated enzyme (kinact). If the reversible complex is assumed to be in
a steady state, then KI is defined as (k21 1 kinact)/k1. Therefore it is
possible that the value of KI may be greater than the value of the true
dissociation constant (k21/k1) if kinact $ k21 (7, 28, 36).
4 In contrast to the potent protection that Fru-6-P provides against
inactivation by GlcNIAc-6-P, Fru-6-P offers little or no protection
against inactivation by glutamine-like inactivators. Borowski and co-
workers (7) have studied the effect of a large number of glutamaroyl
diaminopropanoic acid derivatives, anticapsin, and 6-diazo-5-oxonor-
leucine on GlmS activity. In all cases, they found that Fru-6-P exerts a
synergistic effect on the rate of inactivation of the Salmonella typhi-
murium enzyme. Variable results have been obtained with the E. coli
enzyme. For example, in the presence of Fru-6-P, the apparent second-
order rate constant for inactivation by 6-diazo-5-oxonorleucine and
N3-fumaroyl-L-2,3-diaminopropanoic acid is reduced, whereas it is in-
creased when N3-(4-methoxyfumaroyl)-L-2,3-diaminopropanoic acid is
the inactivator (8). The structural origins of these differences remain to
be elucidated.
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